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Oncologic Sciences, College of Medicine, University of South Florida, Tampa, FloridaABSTRACT Microtubules play an important role in many cellular processes, including mitotic spindle formation and cell divi-
sion. Taxane-based anticancer treatments lead to the stabilization of microtubules, thus preventing the uncontrolled proliferation
of tumor cells. One of the striking physical features of taxane-treated cells is the localization of their microtubules, which can be
observed via fluorescent microscopy as an intense fluorescent band and are referred to as a microtubule bundle. With the recent
advances in capturing and analyzing tumor cells circulating in a patient’s blood system, there is increasing interest in using these
cells to examine a patient’s response to treatment. This includes taxanes that are used routinely in clinics to treat prostate,
breast, lung, and other cancers. Here, we have used a computational model of microtubule mechanics to investigate self-
arrangement patterns of stabilized microtubules, which allowed for the identification of specific combinations of three physical
parameters: microtubule stiffness, intracellular viscosity, and cell shape, that can prevent the formation of microtubule bundles in
cells with stabilized microtubules, such as taxane-treated cells. We also developed a method to quantify bundling in the whole
microtubule aster structure and a way to compare the simulated results to fluorescent images from experimental data. Moreover,
we investigated microtubule rearrangement in both suspended and attached cells and showed that the observed final microtu-
bule patterns depend on the experimental protocol. The results from our computational studies can explain the heterogeneous
bundling phenomena observed via fluorescent immunostaining from a mechanical point of view without relying on heteroge-
neous cellular responses to the microtubule-stabilizing drug.INTRODUCTIONMicrotubules (MTs), together with actins and intermediate
filaments, constitute the main structural components of
the cell cytoskeleton. MTs are important in a number of
cellular processes: they help maintain cell shape and are
involved in cell migration; they provide a platform for
the intracellular transport of motor proteins; and they are
essential in the formation of mitotic spindles that separate
chromatids during cell division. Individual MTs are long,
hollow cylinders composed of a- and b-tubulin dimers.
The collective structure of MTs may, however, assume
various configurations. The MT aster is a star-shaped struc-
ture in which the MTs radiate from a centrally located
centrosome. The mitotic spindle that forms during cell di-
vision is composed of two asters located at opposite poles
of the cell. The MTs emanate from these asters toward the
spindle midzone and exert forces to separate chromosomes
between two daughter cells. It is known that MTs in the
neuronal cells form long longitudinal bundles stabilized
by both microtubule-associated proteins and lateral cross
links between microtubules formed via t proteins (1,2). It
has also been observed that in nonneuronal cells, some
tubulin-stabilizing agents, such as taxane molecules, canSubmitted April 16, 2014, and accepted for publication July 1, 2014.
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0006-3495/14/09/1236/11 $2.00cause MT bundling by themselves, without cross-linking
from t proteins (3–7).
The disruption of the MT structure and function that in-
terrupts the process of cell division is an appealing potential
mechanism of anticancer chemotherapeutic treatments
(8–10). Taxanes, such as docetaxel, cabazitaxel, or pacli-
taxel, are a class of anticancer compounds that stabilize tu-
bulins in the MTs, resulting in cell mitotic arrest and
apoptotic death (11–13). It has been shown that in contrast
to nontreated cells, in which MTs form uniform meshworks,
the stabilized MTs in taxane-treated cells self-organize into
bundles of long parallel structures detectable by immunoflu-
orescence staining (14–16). Taxanes are widely used in
clinics as chemotherapeutic agents to treat various tumors,
including breast, head and neck, lung, ovarian, and prostate
cancers (8,10,14).
With the recent advances in capturing and analyzing tu-
mor cells circulating in a patient’s blood system (16–22),
there is increasing interest in using these approaches, called
fluid-phase biopsies, to examine a patient’s response to
treatment. In particular, methods are being developed to
test whether changes in intracellular composition of the
circulating tumor cells (CTCs) correlate with the effects of
taxane therapy (14,16,23). If successful, these procedures
could be used to diagnose a patient’s response to treatment
and could be performed routinely in clinics.http://dx.doi.org/10.1016/j.bpj.2014.07.009
Microtubule Bundling and Taxane Treatment 1237In this article, we present the results of our computational
investigation of intracellular biophysical conditions under
which taxane-treated cells with stabilized MTs do not
form bundles. The extensive simulation studies, with model
parameters varied systematically over a broad range of
physically relevant values, show that changes in MT stiff-
ness, intracellular viscosity, and cell shape influence the
final MT patterns. The resulting three-dimensional (3D)
parameter space can be explored to determine which combi-
nations of cell biophysical properties do not lead to bundle
formation, shedding light on why not all taxane-treated cells
show MT bundling. We also examined whether there is a
difference in MT bundle formation between freely floating
cells and substrate-attached cells, which may guide future
refinement of experimental procedures and handling of
CTCs so as not to bias the results of fluorescent imaging
of cell MT patterns.METHODS
Mathematical model
The mathematical model of MT bundle formation is based on the previ-
ously published model of the reorientation of the cytotoxic T-cell via the
MT aster (24). We followed that work and modeled MTs as elastic rods
with circular cross sections 25 nm in diameter clamped around the common
centrosome (Fig. 1). MTs are capable of bending as a result of competition
between elastic shape-restoring forces and viscous drag forces. There are,
however, three main differences between the model presented here and
the previously published model: 1), in this work, the cell shape is ellipsoidal
(including the perfect sphere), to represent the deformability of CTCs
floating in blood plasma, and the cells are unattached (but see MT bundles
in suspended versus attached cells, where we investigate how cell attach-
ment to the substrate influences bundle formation); 2), the number of
MTs included in the model here is larger than in the previous model, and
thus, the cell centrosome is defined differently (see The centrosome-orga-nized MT aster); and 3), the MTs in our model are growing, and thus, spe-
cial care is taken to ensure that the cell membrane is impenetrable (see MT
growth); since we model the growth of MTs under the influence of stabiliz-
ing taxanes, the MT dynamic instability is neglected.
Cell structure
The cell boundary in our model is represented by an oblate spheroid and
defined by the ellipsoid equation: x2/a2 þ y2/b2 þ z2/c2 ¼ 1, with a ¼
b R c. The lengths of the semiprincipal axes in the x and y directions are
fixed at 5 mm (a¼ b¼ 5 mm), and c is varied from 2.5 mm to 5 mm to repre-
sent different cell shapes (Table 1; the cell-shape index is S ¼ a/c). The
ellipsoidal cell surface is assumed to be rigid and impenetrable. To eluci-
date the effect of taxane treatment onMTs, all other intracellular organelles,
except the growing MT aster, are neglected (Fig. 1).
The centrosome-organized MT aster
We model the centrosome as a sphere 100 nm in diameter to which 92 uni-
formly spread MTs are clamped; the number of MTs is within the range
used in other studies (25,26). The locations of the MTs were chosen based
on the geodesic triangulation of the sphere. Starting with the icosahedron
(20 triangles, 30 edges, and 12 vertices), each triangle was divided into
nine identical smaller triangles, and MTs were attached to each of the final
92 vertices. Thus, the modeled MTaster contains 92 uniformly spread MTs,
each clamped on the centrosome surface in the direction that connects the
center of the centrosome and the vertex on its surface (Fig. 1). The rigidity
of the MT, b, is one of the parameters varied in this study (Table 1).
MT growth
We assume that the cell is exposed to the taxanes that stabilize the MT
structure. This leads to continuous MT growth at a speed of 5 mm/min,
which is around the higher end of the reported values (27,28). Because of
MT stabilization, the MT dynamic instability, which is the repeated growth
and shrinkage of the MT free ends, is neglected. However, with increased
length, the MTs need to bend to fit into a confined space restricted by the
cell’s impenetrable surface, and some MTs may not be able to elongate
due to these spatial constraints. The bending process depends not only on
MT stiffness, but also on the cell cytoplasmic viscosity, which is another
parameter varied in our simulations (Table 1). The numerical procedure
of MT bending is described below.FIGURE 1 Schematics of a modeled cell. (a) A
representative partial subset of MTs initiated
from a centrosome inside a cell of ellipsoidal
shape. (b) Magnification of a cell centrosome
with a full set of MTs. (c) Geometrical representa-
tion of the centrosome with 92 vertices to which
the MTs are clamped. (d) Magnification of an
MT bundle consisting of long parallel MTs. (e)
Schematic representation of balanced forces
arising from MT bending rigidity. The thickness
of all microtubules is exaggerated for visual pur-
poses. To see this figure in color, go online.
Biophysical Journal 107(5) 1236–1246
TABLE 1 Model physical parameters
Symbol Model parameter Values used
S Cell shape index (a/c) 1, 1.25, 1.42, 1.67, 2
b Bending rigidity 5.2, 26, 52, 130, 260 pN$mm2
h Effective viscosity 8, 40, 80, 400, 800 pN$s/mm2
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In all simulations, the MTs were initiated at the surface of the centrosome
(length zero) and were grown until the longest MT reached 18.8 mm (which
we call the final MT length). This value was determined empirically to
allow for the overlap of MTs growing from two opposite directions. This
length was usually shared by 80% of MTs, and further growth of the
MTs would not alter bundle formation. All cellular properties (cell shape,
intracellular viscosity, and MT stiffness) were determined at the beginning
of the simulation and were kept fixed thereafter. However, the MT shapes
changed dynamically over time as a result of their physical interactions
with the impenetrable cell surface, and these shapes were dependent on
the bending rigidity and intracellular viscosity of the MTs (two comple-
mentary cases of MT growth and arrangement are shown in Fig. S1 and
Movies S1 and S2 in the Supporting Material). The results were analyzed
using the bundle index, a quantitative concept developed specially for
this study (see Quantification of MT bundle formation: the MT bundle in-
dex) to measure whether the MTs self-arranged into a bundle.Numerical implementation
Our numerical implementation closely followed that of the previously pub-
lished work (24) in calculating the elastic deformation of MTs, including
flexural rigidity (bending), axial rigidity (inextensibility or stretching),
and clamping conditions. However, we developed additional algorithms
for handling the increased MT length and for assuring cell-surface
impenetrability.
The MTs are represented by the series of straight rod segments (cylinders
0.4 mm in length and 25 nm in diameter). Each rod is flexible along its axis
and joined by torsional springs to model both the axial and flexural rigid-
ities. The locations of the torsional joints, which are also the endpoints of
rod segments (nodes), are denoted by Xi (Fig. 1). MT growth was imple-
mented by adding one rod segment (l ¼ 0.4 mm) every 4.8 s. As long as
the newly added segment, XkXkþ1, was contained within the cell surface,
the direction of this segment was chosen to follow the direction of segment
Xk1Xk to which the new segment was attached. However, if the distal end,
Xkþ1, of the newly added segment fell outside the cell surface, we imple-
mented the following algorithm to keep the whole MT inside the cell. We
examined the penetration angle, that is, the angle between the outward
normal vector to the ellipsoid surface at the penetration point and the direc-
tion of the added segment. If this angle was equal to 10 (p/18) or more, the
new segment was rotated around the joint node Xk away from the normal
vector within the plane that contained the outward normal vector, the Xk1
Xk vector, and Xk until node Xkþ1 came inside the cell surface and reached a
distance of 12.5 nm (the radius of the MT cross section and the length at
which the force creating impenetrability was activated) from the cell sur-
face. If the angle was <10, we did not allow the MT to grow, which re-
flected the difficulty of adding a new tubulin unit at the distal end of the
MT in a confined space. In principle, it is possible to choose a threshold
value of <10 for this angle. However, the resulting torque at the node
just before the endpoint would be so large that a much smaller time step
size would have to be used, thus significantly slowing the simulation pro-
cess. This procedure is repeated for each MT.
Once the increment of all MT segments was determined, the shape and
displacement of each MT (that is, the locations of all nodes Xi) were
dictated by three forces exerted on each node Xi, that is, F
bend, Fstretch,
and Fimpene. The first two arose from the elasticity of the MT, and the lastBiophysical Journal 107(5) 1236–1246was used to comply with the cell-boundary impenetrability condition.
The locations of all nodes Xi were calculated by balancing the total force,
F(Xi) ¼ Fbend(Xi) þ Fstretch (Xi) þ Fimpene(Xi), using the slender-body
viscous drag force (24), that is,
Xiðt þ DtÞ ¼XiðtÞ þ DtðFpðXiÞ þ FoðXiÞ=2Þ
 logðl=2rÞ=ð2phlÞ; (1)
where Fp and Fo are the parallel and orthogonal decomposition components,
respectively, of F. Here, l is the fixed length of the rod segment, r is itsfixed cross-section radius, and h is its intracellular (effective) viscosity.
The time-step size, Dt, was determined by bending rigidity to avoid numer-
ical instability; thus, Dt¼ 5 105 s if b¼ 26 pN$mm2, and Dt is inversely
proportional to b. The forces that arose from elastic deformation were
calculated as follows:
FbendðXiÞ ¼ b

kini1  ki1ni
jXi1  Xij þ
kiniþ1  kiþ1ni
jXiþ1  Xij

; (2)

Xi1  XiFstretchðXiÞ ¼ k ðjXi1  Xij  lÞ jXi1  Xij
þ ðjXiþ1  Xij  lÞ Xiþ1  XijXiþ1  Xij

:
(3)
Equation 2 constitutes a discrete implementation of the beam-bending
equation at node X ; its schematic is shown in Fig. 1 e (the term relatedi
to ki1ni overlaps with kiþ1ni). Here, ki is the MT curvature at Xi, which
is approximated by 2qi=ðjXiþ1  Xij þ jXi1  XijÞ (see Fig. 1 e), and ni
is the normal vector of the Frenet-Serret frame at Xi calculated based on
Xi-1, Xi, and Xiþ1. Equation 3 is a discrete implementation of the linear
spring equation at node Xi. The axial rigidity constant, k, is 2000 pN/mm
when b is 26 pN$mm2, following Kim and Maly (24), and it is varied pro-
portionally to b.
To enforce the impenetrability of the cell boundary by the MT nodes, we
introduced the repulsive force FimpeneðXiÞ if a node Xi approached the cell
boundary within a distance of G0 ¼ 12.5 nm, similarly to the protocol fol-
lowed by Kim and Maly (24). The force direction was inward normal to the
cell boundary (ellipsoid) at the point from which the distance between the
node and the ellipsoid was measured. The magnitude of the force was pro-
portional to the violated length, with the proportionality constant h=Dt,
which ensured that the cell-boundary impenetrability condition was strictly
enforced regardless of the chosen time-step size (Dt). In a general form, this
force is defined as
FimpeneðXiÞ ¼ h
Dt
HðG0  GðXiÞÞðG0  GðXiÞÞne; (4)
where H is the Heaviside step function, GðXiÞ is the distance between Xi
and the cell boundary, and n is the inward vector normal to the celle
boundary.
Note that we neglected any thermal fluctuations that may have potentially
influenced MT shape and location. The theoretical estimation of MT persis-
tence length was based on its Young’s modulus, YI/kBT, where Y is Young’s
modulus, I is the momentum of inertia, kB is the Boltzmann constant, and T
is the temperature (300 K)) is of the order of a few millimeters, much larger
than the typical lengthscale used in this model.Quantification of MT bundle formation: the MT
bundle index
The MT bundle was identified as a collection of parallel MT filaments
located close together over a significant portion of their length. Using
this concept, we developed the following quantitative method to calculate
Microtubule Bundling and Taxane Treatment 1239the MT bundle index and to assess whether the individual MTs had self-
organized into the bundle structure.
At every MT node Xi, except those located at the centrosome surface (the
first node of each MT), we put a cylinder with the center at that node (Fig. 2
a, large blue sphere) and with the axis tangential to that MT (Fig. 2 a,
dashed line). The height and diameter of the imposed cylinder were 2.5l
and 1.5l, respectively, where l was the length of the rod segment. Then
we determined which rod segments from all other MTs are located inside
the cylinder (Fig. 2 a, thick red segments). For each such rod, the angle q
between the segment and the cylinder axis and the distance d between
the segment’s center point and the cylinder axis were calculated and
counted toward the value of the local weighted count (WC). The definition
of the WC at Xi is given in Eq. 5, where the weight functions penalizing
nonparallel and distant segments are depicted in Fig. 2 b.
The WC values is given by the equation
WCðXiÞ ¼
X
segments
in cylinder
W1ðqÞW2ðdÞ (5)FIGURE 2 Schematics of the MT bundle index method. (a) Schematic
diagram of components contributing to the WC value at a single node:
For a given node (large blue sphere) joining two MT segments (blue lines),
a cylinder with an axis tangential to that node (dashed line) is defined, and
rod segments (five thick red lines) contained within the cylinder contribute
positively to the WC. (b) Graphs of two weight functions,W1(q) andW2(d),
where 0.75l is the cylinder radius and l is the rod length. (c and d) Examples
of the WC and bundle index values for S ¼ 1, b ¼ 26 pN$mm2, and h ¼ 8
pN$s/mm2 (c) and S ¼ 2, b ¼ 26 pN$mm2, and h ¼ 8 pN$s/mm2 (d). Indi-
vidual dots represent the WC at each node, with dot size proportional to the
WC value; the WC color scale is identical in both cases. (Insets) Actual
configurations of the MTs in each case. To see this figure in color, go online.The MT bundle index for a given cell was then taken as the average of all
the weighted counts at all nodes of all MTs and was defined as
Bundle index ¼
P
all nodesWCðXiÞ
Total number of rod segments
(6)
Two different MT arrangements are shown in Fig. 2, c and d, with their
corresponding local WC values and bundle indices. Note that local accumu-
lation of MT segments (Fig. 2 c) can result in a high WC value, but does not
lead to a high bundle index, since high WC values are sporadic, whereas a
high bundle index (Fig. 2 d) requires highWC values along individual MTs.
Additional examples are discussed in section S1 of the Supporting Material
and Fig. S1.RESULTS
Analysis of the 3D parameter space of MT
bundle formation
All simulations discussed in this section were performed
under the assumption that cells were in suspension (like
CTCs in blood) and were exposed to taxane-based drugs
in concentrations that stabilized the tubulin, leading to
persistent MT growth. Our main goal was to investigate
how the internal physical properties of a cell—MT stiffness
(b), intracellular viscosity (h), and cell-shape distortion
(S)—influence the formation of MT bundles. Very diverse
values of these intracellular properties were reported in
the experimental literature (four orders of magnitude of dif-
ference in MT stiffness (29,30) and five orders in intracel-
lular viscosity (31–33); see section S2 in the Supporting
Material); however, there are no reports on both MT stiff-
ness and intracellular viscosity measured in parallel in the
same tumor cells or cell lines. Therefore, we analyzed a
broad range of parameter combinations and considered
five values of b (5.2–260 pN$mm2) and five values of h
(8–800 pN$s/mm2), all within the ranges reported in the
experimental literature. We also considered five different
spherical shape deformations under flow, which was de-
noted by cell-shape index S, (where S ¼ 1 represents the
perfect sphere and S ¼ 2 corresponds to a flattened
spheroid). Finally, we ran all simulations starting with
zero-length MTs, so as not to bias the final MT arrangement
by a predefined initial configuration. However, we analyzed
cases initiated with already formed MT asters and showed
that MT bundle formation does not depend on initial MT
length (sections S3 and S4 in the Supporting Material).
Of 125 possible combinations of these parameters, we
simulated 37 cases until a clear correlation between model
parameters and MT bundle formation was observed. These
results are summarized in Fig. 3.
The 37 simulated results are shown as a bar graph (Fig. 3
a), with the bars sorted by bundle index (Fig. 3 a, bar height)
and the three color families indicating the values of the three
associated parameters (red shades, cell shape index; green
shades, intracellular viscosity; and blue shades, MT stiff-
ness). The same results are placed in the 3D parameter spaceBiophysical Journal 107(5) 1236–1246
FIGURE 3 3D model parameter space of MT
bundle formation. (a) MT bundle indices from 37
simulations sorted by index value (bar height),
with colors indicating values of three parameters:
cell-shape index (S), intracellular viscosity (h),
and MT stiffness (b). (b) Final MT patterns for
the selected cases S ¼ 1, h ¼ 8, b ¼ 26, bundle in-
dex 1.85 (i); S ¼ 1.42, h ¼ 8, b¼ 26, bundle index
2.65 (ii); S¼ 2, h¼ 800, b¼ 26, bundle index 3.82
(iii); S ¼ 1.67, h ¼ 8, b ¼ 26, bundle index 4.49
(iv); S ¼ 2, h ¼ 800, b ¼ 260, bundle index 5.01
(v); and S ¼ 2, h ¼ 8, b ¼ 260, bundle index
8.41 (vi); (c) 3D parameter space with color-coded
MT bundle index. Large spheres indicate simulated
results from Fig. 3 a, and small spheres represent
the results for unsimulated cases, classified into
bundled (magenta spheres) and unbundled (green
spheres) for index threshold 5. The units of beta
are [pN.mm2], the units of eta are [pN.s/mm2]. To
see this figure in color, go online.
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bundle index values, as in Fig. 3 a. By inspecting both the
calculated bundle index and the MT patterns in each of
the simulated cases (six representative MT configurations
are shown in Fig. 3 b), we determined a threshold (set at
5) that separated the patterns with from those without MT
bundles. The remaining cases (Fig. 3 c, small spheres)
were classified based on the following observed correla-
tions. Since the bundle index increases with decreasing
values of intracellular viscosity (h) for fixed cell-shape in-
dex (S) and fixed MT stiffness (b), the three unsimulated
cases for S ¼ 2 must be bundled (bundle index>5, magenta
spheres). For the same reasons, when all simulated cases for
S ¼ 1.67 and S ¼ 1.42 are inspected along the h axis, the
missing bundle indices must be <5 (unbundled). For fixed
values of MT stiffness (b) and intracellular viscosity (h),
the bundle index decreases with decreasing shape index
(S), and thus, all unsimulated cases for S ¼ 1.25 and S ¼
1 are unbundled (green spheres).Cell shape and cytoplasm viscosity versus
bundle index
Our analysis of the 3D model parameter space shown in
Fig. 3 indicates that cell shape is a crucial factor in the for-
mation of MT bundles. All stabilized MTs would grow as
straight filaments if they were not confined to a limited
space or blocked by intracellular obstacles (such as organ-
elles). In our model, all MTs are confined to the cell bound-
ary, and thus, as they grow longer, the MTs must bend to fit
into the intracellular space. MT shape deformations are
regulated by elastic energy minimization. It can be seen
that when cell shape is ellipsoidal (oblate in the z axis inBiophysical Journal 107(5) 1236–1246our model), MTs that run along the cell boundary are
deformed by crossing the cell equator (largest horizontal
cross section), thereby storing elastic energy, and that the
more vertical the crossing angle, the more energy is stored.
Therefore, the MTs will turn in the direction of their
growing filaments, so that they run along the equator. The
flatter the cell, the greater is the tendency of the MT to
turn parallel to the equator to lower the stored elastic energy,
because the latitude lines have larger principal curvature at
the equator. Thus, the MT bundle index is an increasing
function of the cell-shape index (S), as shown quantitatively
in Fig. 4 (dashed line) for one specific combination of vis-
cosity and stiffness parameters.
On the other hand, the MT bundle index decreases as
intracellular viscosity values rise. Since the velocity at
which the MT nodes are relocated is inversely proportional
to intracellular viscosity (Eq. 1), this viscosity acts as a
resistance against the relaxation of the deformed body
(MT) in the surrounding media. The more viscous the cyto-
plasm, the longer it takes for a deformed MT to reach a
relaxed state. When the MT is growing and its tip hits the
cell boundary, the whole MT structure, from its tip to the
clamped base, needs to respond by changing position.
When intracellular viscosity is high, the MT deformation
is slower and a new rod segment may be added at the tip
before the whole MT reaches the relaxed state. Therefore,
the MTaster in the medium of high viscosity has a less orga-
nized structure from the centrosome all the way to the tips
(see Fig. 3 c, iii). This results in a lower MT bundle index.
In Fig. 4, the MT bundle index is shown quantitatively as a
decreasing function of intracellular viscosity, h, for two spe-
cific combinations of cell-shape and MT-stiffness parame-
ters (solid lines).
FIGURE 4 MT bundle index as a function of cytoplasmic viscosity or
cell shape. Cell-shape index, S, is shown on the top axis and cytoplasmic
viscosity, h, on the bottom axis. MT bundle index increases as a function
of S when b and h are fixed, as in case i (dashed line; h ¼ 8 and b ¼
26), and decreases as a function of h when S and b are fixed, as in cases
ii and iii (solid lines), where S ¼ 2 and b ¼ 130 (ii) and S ¼ 2 and b ¼
26 (iii). The units of beta are [pN.mm2], the units of eta are [pN.s/mm2].
FIGURE 5 MT stiffness versus bundle index. (a) MT bundle index
increases as a function of MT stiffness for S¼ 2 and h¼ 40 pN$s/mm2 (cir-
cles), S ¼ 2 and h ¼ 80 pN$s/mm2 (stars); S ¼ 1.67 and h ¼ 8 pN$s/mm2
(squares); and S ¼ 1.43 and h ¼ 8 pN$s/mm2 (diamonds). (b) Evolution of
bundle indices as a function of the maximal length of growing MTs for two
selected cases from a, indicated by red and blue circles. These two cases
differ only in MT stiffness: b ¼ 130 pN$mm2 (blue) and b ¼ 26 pN$mm2
(red), with fixed S ¼ 2 and h ¼ 40 pN$s/mm2. The x-axis labels can be con-
verted to time by multiplying by 0.2 min/mm. (c) Snapshots from both sim-
ulations analyzed in b, showing comparison of MT aster structures and
distributions of WC values. The color bars in the middle apply to both
WC plots. See the corresponding simulation videos (Movies S3 and S4).
To see this figure in color, go online.
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Our quantitative analysis of the simulated results from
Fig. 3 c is presented in Fig. 5 a for four different sets of
fixed S and h values. This graph indicates that the bundle
index increases as a function of MT stiffness, b, which is
a rather counterintuitive result. In our model, one end of
each MT is clamped on the centrosome, but the other
end has no physical constraints other than confinement
within the cell boundary. Its movement is only restricted
by the bending forces upon MT contact with the cell
boundary. Thus, one would expect that it should be more
difficult for the stiffer MTs to self-organize into parallel
bundles.
To better understand the role of MT stiffness in bundle
formation we compared two cases in which all parameters
were identical except for MT stiffness, b. The cases consid-
ered are indicated in Fig. 5 (red, b ¼ 26 pN$mm2; blue, b ¼
130 pN$mm2). Evolution of the bundle indices over time is
shown for the two cases in Fig. 5 b, and the corresponding
snapshots from the simulations, showing MT aster structure
and WC values, are presented in Fig. 5 c. Initially, both
bundle indices are equal to zero, since individual MTs are
too distant from one another to form a bundle. The first pos-
itive contribution to the bundle index value takes place when
MTs reach ~6 mm in length (Fig. 5 b), and the lower MTstiffness (red spheres) results in a higher bundle index until
they reach ~15 mm. This is an effect of MTs hitting the cell
boundary during their growth, where the stiffer MTs move
their free ends rather than bend the whole MT structure
to comply with the impenetrability condition. This is
confirmed by the corresponding snapshots in Fig. 5 c. For
MTs of length 11.6 mm, higher WC values are observed in
the lower MT stiffness case, because some MTs are bent
along cell-surface contours. As the MTs grow longer, and
many MT nodes are located along the cell boundary, the
cell boundary contour becomes the preferred direction for
rod segments newly added at the distal MT ends. In these
cases, the stiffer MTs are aligned along the cell equator,
contributing to higher bundle indices (Fig. 5 c, middle and
lower rows). This is also evident from Fig. 5 a where the
stiffer MTs curve (blue) increases in a much steeper way
than the softer MTs curve (red) after the MTs reachBiophysical Journal 107(5) 1236–1246
1242 Kim and Rejniak~13mm in length. A detailed comparison between changes
in the shape of a single MT in both cases is presented in sec-
tion S5 of the Supporting Material.MT bundles in suspended versus attached cells
The patterns of MTs inside the CTCs suspended in the fluid
environment of the blood might differ from those observed
for captured or cultured tumor cells that are attached to the
substrate. Thus far, we have considered only cases where
cells are ellipsoidal in shape and do not deform during
the simulations. In these cases the contour of the cell
boundary along which the longitudinal principal curvature
is lower provides guidance for growing MTs and leads to
MT self-organization into a bundle. When the cells are
attached, that is, they have an interface with the underlying
substrate, we expect that the edge of this interface plays a
role similar to that of the equator of an ellipsoid, as in the
cases considered previously. However, cell attachment to
the substrate can either precede or follow the taxane treat-
ment, or the cells can actively attach during exposure to tax-
anes. We thus examined three scenarios in which the order
of MT growth in taxane-treated cells and cell attachment to
the substrate were altered (Fig. 6). In the first case (Fig. 6,
i), the MTs were growing while the cell formed an attach-FIGURE 6 Dynamical changes in the MT bundle index in taxane-
treated cells upon attachment to the substrate. Evolution of MT bundle
index over time for the cases where MT growth and cell attachment occur
in parallel (i, blue circles), attachment of the cell occurs after MT growth
(ii, black diamonds); and attachment of the cell occurs before MT growth
(iii, red plus symbols); final MT bundle indices and corresponding MT
configurations are shown at right. (Insets) Initial MT configurations, where
cell parameters are b ¼ 26 pN$mm2, h ¼ 8 pN$s/mm2, and S ¼ 1. Accom-
panying simulations are shown in Movie S5. To see this figure in color,
go online.
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reached 18.8 mm in length before the cell started forming
an attachment with the substrate; and in the last case
(Fig. 6, iii), the MTs were growing in the already-attached
cell. Our simulations were carried out for the cell of spher-
ical shape (S ¼ 1), which was previously shown to have a
low MT bundle index regardless of the values of MT stiff-
ness and intracellular viscosity. The attaching cell was
modeled as a sphere undergoing truncation by gradually
moving a horizontal plane (at the rate of 0.025 mm/s)
from the bottom until it reached the equator (the largest hor-
izontal cross section). Our goal was to determine how the
planar part of a cell boundary influences the MT bundle in-
dex. The changes in MT bundle index values in all cases
considered are shown in Fig. 6 together with the final MT
configurations.
When comparing the three scenarios, case ii, in which
MT growth precedes cell attachment, is characterized
initially by a much higher bundle index, because the
MTs are already grown. However, at later times, the bundle
index from case ii is surpassed by that of case i, in which
growth and cell attachment take place in parallel. In cases i
and iii, both bundle indices take near-zero values for a long
time. However, the bundle index in case iii is slightly
higher than that in case i because the MTs in an already
attached cell (Fig. 6, iii) hit the cell surface and the trunca-
tion corner earlier than those in case i. Moreover, as the
MTs grow in parallel to cell attachment (Fig. 6 i), the
MT spatial organization is gradually guided by the edge
forming on the cell-truncation surface interface, leading
to the emergence of a tight MT bundle. More details of
these processes, and several corresponding snapshots are
provided in section S6 of the Supporting Material and
Movie S5.
Upon attachment of the cell to the surface, the sharp
corner formed between the cell boundary and the trunca-
tion plane limits the direction of MT relaxation, creating
a trap for the freely expanding MTs. This corner forces
the trapped MTs to align along the truncation interface
edge, allowing for bundle formation and resulting in a
high MT bundle index. A similar trap is formed along
the equators of ellipsoidal cells, where the latitudinal prin-
cipal curvature is highest and the longitudinal principal
curvature is lowest. Specifically, we consider the ellipsoid
with a shape index of S ¼ 2 and parameters b and h iden-
tical, as in Fig. 6. In this case, both the cell height (5 mm)
and the cell radius (5 mm) are the same as in the fully
attached cells in Fig. 6. However, the final bundle indices
(13.2, 9.1, and 8.3) (Fig. 6) are higher than that in the ellip-
soidal counterpart (7.91) (Fig. S1 a). The reason for such a
difference in bundle index is the existence of the sharp
corner along the truncation edge. In the case of the ellip-
soidal cell, the equator is a smooth surface, across which
MTs can slide as they grow. However, the MTs that
grow inside the truncated cell follow the corner contour,
Microtubule Bundling and Taxane Treatment 1243resulting in tighter bundle formation and a higher bundle
index.Comparison with experimental data
Experimentally, the MT bundles can be identified from
immunofluorescence microscopy images of cells stained
with antitubulin antibodies. An example of ovarian carci-
noma cells exposed to taxane is shown in Fig. 7 b. A cell
with well-developed MT bundles (arrow) is shown in
contrast to cells with MTs that are not spatially localized
(arrowheads). The existence of the MT bundle is usually
determined by visual inspection and by comparison between
the cells. Since the MT cross-section diameter is smaller
than the optical wavelength, it is impossible to use fluores-FIGURE 7 Fluorescent imaging and computational rendering of MT bundles.
times (ExpT ¼ t0, 3t0, and 6t0) from three previously discussed simulations wi
parameters S ¼ 2.00 and MT length 18.8mm (I), S ¼ 1.00 and MT length 18.8m
indices are 7.91 (I), 1.85 (II), and 0.42 (III). (b) An immunofluorescence micro
taxane, from Marcus et al. (5). All cells are stained with an antitubulin antibod
visible bundles (arrowheads). (c) Quantitative analysis of the averaged MT ima
with the following fitted parameters (m, s, l): (i) (0.30, 0.25, 2.35), (ii) (0.07,
0.13, 2.66). Insets in i–iii correspond to I–III, ExpT ¼ 3t0, and those in iv and
the relative position of each ring normalized by the cell radius. To see this figucent images to provide a quantitative measure of MT length
or to determine more detailed MT spatial organization.
Here, we developed a method for generating fluorescence-
microscopy-like images from simulation outcomes of our
mathematical model (Fig. 7 a), as well as a quantitative
assessment of MT bundle structure from these images
(Fig. 7 c). The following rendering method was used.
Each MT segment was considered to be a light source that
gave rise to a blur circle with a diameter proportional to
its distance from the focal plane chosen to cut through the
cell equator. Therefore, the more MTs that are bundled
along the cell equator, the more focused and brighter the im-
age created. The recorded light intensity is also proportional
to the exposure time (Fig. 7 a, ExpT). This procedure is
meant to simulate the 16-bit CCD sensor recording.(a) Computational fluorescent-like rendering of images with three exposure
th common parameters b ¼ 26 pN$mm2 and h ¼ 8 pN$s/mm2 and variable
m (II), and S ¼ 1.00 and MT length 9.6mm (III). The corresponding bundle
scopy image of 1A9 human ovarian carcinoma cells after 24 h exposure to
y showing the MT bundle (arrow) or MT meshwork, indicating the lack of
ge intensity distributions and the exponentially modified Gaussian curves,
0.06, 7.29), (iii) (0.004, 0.04, 7.34), (iv) (0.05, 0.05, 2.86), and (v) (0.13,
v correspond to IV and V from b. The x axes in each histogram represent
re in color, go online.
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1244 Kim and RejniakThe results of applying our rendering method to one
bundled and two unbundled computational cases are shown
in Fig. 7 a for three different ExpT values (sixfold differ-
ence). For the bundled case presented in column I (bundle
index 7.91), the rendering method showed a well-defined
bright ring around the cell periphery for each ExpT value.
On the other hand, for the unbundled case presented in col-
umn II (bundle index 1.85), the partial ring along the cell
periphery is visible only when the exposure time is long
enough. However, the central area of these images becomes
quite fuzzy, in contrast to those of the images in column I.
As a control case, we considered a cell with MTs that are
too short to form a bundle (bundle index 0.42). The
rendered images in column III show a quite uniform gray
pattern, even for the longest ExpT. These results of our
fluorescence-microscopy-like image rendering indicate
that it is important to consider different exposure times,
so that the localized MTs are clearly visible, without too
much saturation of nonlocalized MTs that might mislead
the observer. This tradeoff between the exposure and satu-
ration is characteristic of all fluorescence microscopy sys-
tems. Among the results presented in Fig. 7 a, ExpT ¼ 3t0
is our best pick.
With the chosen exposure time (ExpT ¼ 3t0), we per-
formed further analysis to provide a quantitative way to
compare both computational and experimental images of
cells with fluorescently stained MTs. Fig. 7 c shows three
examples of computational cells (i–iii) from Fig. 7 a and
two examples of experimental cells from Fig. 7 b (iv and
v, double arrowhead and arrow). The averaged MT image
intensity distributions for each cell were taken over the
concentric rings imposed on the cell image and normalized
by cell diameter (Fig. 7 c). We used 15 concentric rings,
starting on the cell periphery and gradually progressing
toward the cell center; for visual clarity, only 8 of 15 rings
are shown (Fig. 7 c, i–v, insets). These MT intensity data
were fitted (Fig. 7 c, solid lines) using the exponentially
modified Gaussian distribution (EMG) with probability den-
sity function f, defined as (34)
f ðx;m; s; lÞ ¼ 0:5l  expl2mþ ls22x=2
 erfcmþ ls2  x=ð ﬃﬃﬃ2p sÞ; (7)
where erfc is the complementary error function and (m, s, l)
are the mean and standard deviation of the Gaussian compo-
nent and the rate of the exponential component, respec-
tively. These three coefficients are used as the fitting
parameters.
These quantitative results confirm our visual inspection of
the analyzed images. The distributions in bundled cases
(Fig. 7 c, i and v) are characterized by relatively high peaks
skewed to the left, that is, toward the cell periphery. In both
cases, the mean values, m, are low, and the parameters s and
l, which measure whether the distribution is concentrated
around its mean (low s and high l), are similar, (0.004,Biophysical Journal 107(5) 1236–12460.04, 7.34) and (0.07, 0.06, 7.23), respectively. The distribu-
tions of two unbundled cells (Fig. 7 c, iii and iv) are quite
similar as well and exhibit a more uniform pattern (high s
and low l), with insignificant peaks located near the center
(high m). The distribution in Fig. 7 c, ii) has mixed charac-
teristics, with m and s very close to those of case i but l close
to that of case iii. From the statistical characteristics of
EMG, with mean and variance of m þ 1/l and s2 þ 1/l2,
respectively, it is clear that near-periphery m, low s, and
high l are required to produce intensity values concentrated
around the cell edge, identified as the MT bundle, with low
intensity in the cell center, as in Fig. 7 c, i and v.DISCUSSION AND CONCLUSIONS
Simple biological structures, such as rod-shaped MTs, actin
filaments, or cilia, can be organized into complex feature-
rich patterns via their interactions with one another and
with the surrounding media. In this article, we adapted a
previously developed model of MT dynamics inside the
cell, and we show that the MT stabilization and cell-bound-
ary curvature gradient influence the formation of bundle-
like structures without global pattern-organizing guidance.
To define and analyze the MT bundling phenomenon in
a quantitative way, we developed the bundle index idea.
This proprietary measure was applied to our simulations,
and we show that it is in accordance with the biological
concept of bundling as determined from fluorescent stain-
ing. Using our model and the bundle-index metrics, we
investigated the roles of three properties in MT bundle for-
mation: MT stiffness, intracellular viscosity, and cell shape.
It has been reported that taxane treatment not only stabilizes
MTs but may also modify their stiffness (29,30,35,36). We
took this into consideration by varying the MT bending
rigidity parameter, b. To account for physical properties
of the intracellular environment in which the MTs live, we
defined the model governing equations based on fluid-struc-
ture interface methods, in which the intracellular viscosity,
h, is a crucial parameter determining overall MT behavior.
We thus varied this parameter according to experimentally
measured values of intracellular (effective) viscosity (31–
33,37–41). The cell deformation index, S, which defines
cell shape has been varied to consider the steepness of the
curvature gradient on the oblate spheroid, as it played a
key role in MT bundle formation. Through our simulation
study, we show that the MT bundle index in ellipsoidal cells
increases as MTs stiffen, intracellular viscosity thickens,
and cell shape becomes more flattened. We also investigated
the MT rearrangement in both suspended and attached cells.
Specifically, we studied the effects of cell attachment to the
substrate on the MT aster. Our simulations reveal that the
time of cell exposure to taxanes (before, during, or after
formation of attachments) can impact MT bundling. This
may guide further experimentation to minimize side effects
of investigating drug effectiveness in the attached cells.
Microtubule Bundling and Taxane Treatment 1245Finally, our fluorescence-microscopy-like image rendering
closely reproduced the heterogeneous MT patterns observed
in cells exposed to taxanes. As shown in Fig. 7 b, cells
derived from the same tumorigenic cell line and exposed
to a uniform drug concentration in culture can respond in
different ways, with some forming an MT bundle and others
not. Our image-rendering technique, coupled with a me-
chanical model of MT rearrangement, provided a physical
explanation for this heterogeneity. Investigating the condi-
tions in which taxane-treated cells do not form MT bundles
is important in the light of recent experimental findings (re-
viewed in Thadani-Mulero et al. (42)) indicating that spatial
localization of MTs may be involved in the inhibition of
certain signaling and trafficking pathways that affect the
clinical efficacy of taxanes.
In summary, using our computational approach, we
showed that biophysical properties of the cell such as cell
deformation (shape), intracellular viscosity, and MT stiff-
ness, can affect formation of the MT bundle. We showed
that the variability in cell biophysical properties or in exper-
imental conditions (whether cells are in suspension or in
contact with the substrate) can explain heterogeneity of
the observed MT image patterns in cells treated with tax-
anes. Moreover, the developed fluorescent image rendering
can provide a quantitative way to assess MT bundle forma-
tion from widely available fluorescent images. Thus, the
quantitative procedures presented here can be useful in
developing new methodologies for assessing treatment
effectiveness based on physical measurements in individual
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